Abstract-Retinoids are known to regulate important processes such as differentiation, development, and embryogenesis. Some effects, such as malformations in frogs or changes in metabolism of birds, could be related to disruption of the retinoid signaling pathway by exposure to organic contaminants. A new reporter gene assay has been established for evaluation of the modulation of retinoid signaling by individual chemicals or environmental samples. The bioassay is based on the pluripotent embryonic carcinoma cell line P19 stably transfected with the firefly luciferase gene under the control of a retinoic acid-responsive element (clone P19/ A15). The cell line was used to characterize the effects of individual chemicals and sediments extracts on retinoid signaling pathways. The extracts of sediments from the River Kymi, Finland, which contained polychlorinated dioxins and furans and polycyclic aromatic hydrocarbons (PAHs), significantly increased the potency of all-trans retinoic acid (ATRA), while no effect was observed with the extract of the sediment from reference locality. Considerable part of the effect was caused by the labile fraction of the sediment extracts. Also, several individual PAHs potentiated the effect of ATRA; on the other hand, 2,3,7,8-tetrachlorodibenzo-p-dioxin and several phthalates showed slightly inhibiting effect. These results suggest that PAHs could be able to modulate the retinoid signaling pathway and that they could be responsible for a part of the proretinoid activity observed in the sediment extracts. However, the effects of PAHs on the retinoic acid signaling pathways do not seem to be mediated directly by crosstalk with aryl hydrocarbon receptor.
INTRODUCTION
Retinoids, such as vitamin A, retinol, and their derivatives, have an essential role in regulation of development and homeostasis of all vertebrate tissues through regulation of cell differentiation, proliferation, and apoptosis [1] . Furthermore, retinoids can act as anticarcinogenic substances because of their antioxidant properties and control of differentiation [2, 3] . Studies on retinoic acid deficiency or excess support the view that tissue distribution of retinoic acid is finely controlled. Vitamin A deficiency results in a spectrum of malformations that include abnormal development of the eye, brain, heart, somite, and limb [1] . Conversely, excessive retinoic acid intake during pregnancy can lead to developmental defects, such as limb malformations and craniofacial and heart defects, the type and degree of which depend on the magnitude, duration, and timing of the exposure [4] . Various studies have found that negative effects of environmental pollutants such as frog malformations [2] or impaired metabolism of retinoids in birds [5] could be mediated by modulation of the retinoid-signaling pathway [3] . For example, it has been reported that some fish species exposed to pulp mill effluents exhibited reduced hepatic levels of natural retinoids, while vitamin E levels were unaffected [6] . This was confirmed by other studies that showed that some constituents of pulp mill effluents could bind to both retinoic acid receptor (RAR) and retinoic X receptor (RXR) and displace the natural ligands in vitro [7] . While still controversial and not yet definitively proven, it has been suggested that the occurrence of deformed frogs in North America and Japan may be at least partly mediated by persistent organic pollutants that are present in surface waters and that interfere with retinoid signaling pathway [8, 9] . However, the mechanism by which retinoids can cause these deformities is not well understood. Retinoid signaling has been reported to be affected by some pesticides [4] , and several pesticides have been reported to activate RARs [9] . Plasma retinoid profiles have been reported to be different in bullfrogs from areas of intensive agriculture than from areas less affected by agriculture [9] . Frog deformities have been observed to be related to the proximity of pollution sources [3] .
The complex retinoid signaling pathway contains numerous potential targets for disruption by environmental pollutants. The retinoid signal is transduced by two families of nuclear receptors, the RARs and the RXRs, which function as RXR/ RAR heterodimers or RXR/RXR homodimers [10] . Each family consists of three isoforms (␣, ␤, and ␥) encoded by separate genes [11] . The RARs are activated by all-trans retinoic acid (ATRA) and its 9-cis isomer, while RXRs are activated only by 9-cis RA [11] . The potential interactions are made more complex by the fact that the retinoid signaling pathway seems to be able to crosstalk with other signaling pathways, such as those connected with the aryl hydrocarbon receptor (AhR), thyroid receptor [12, 13] , MAP kinases [10] , or peroxisome proliferator activated receptors [14] .
Nilsson and Hakansson [15] have shown that ligands of the AhR cause severe changes in metabolism of retinoids. The AhR binds with high affinity to planar, aromatic substances, including, among others, congeners of polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxins (PCDDs), and polychlorinated dibenzofurans (PCDFs). The primary known biochemical response to AhR activation is induction of drugmetabolizing enzymes such as cytochromes P450 (CYPs), glutathione-S-transferase, and uridine diphosphate-glucuronyltransferase. However, CYP enzymes do not participate only in detoxification of xenobiotics but they may also greatly enhance their toxic and/or mutagenic potency [16] . Furthermore, up-regulation of the various CYP mono-oxygenase enzymes can cause adverse effects through modulation of endogenous processes, such as modulation of specific cellular signaling pathways [17] . Numerous chronic adverse health effects of many xenobiotics, such as neurotoxicity, embryotoxicity, immunotoxicity, changes in cell proliferation, and carcinogenicity, have been reported to be AhR-dependent events [16] .
Mobilization of retinol storage forms in liver and increase of retinoic acid levels in serum of rats are typical effects of exposure to the prototypal AhR activators such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) [15] . Similar in vivo effects have been observed in lake trout after exposure to nonortho PCB 126 [18] . In vitro exposure to TCDD has been shown to cause a significant decrease of ATRA action in human keratinocytes [19] .
Retinoid signaling may also be affected by compounds with molecular structures similar to the natural ligands of retinoid receptors. That could be the case for phthalates, which belong to peroxisome proliferators. This group of chemicals is known to activate peroxisome proliferator activated receptors and cause peroxisome proliferation in the liver and other tissues [14] . Phthalates, which are widely used plasticizers and important contaminants of the environment [20] , have been shown to cause hepatocarcinogenesis and damage to the testis, and their toxic effect in testes was assigned to change of RAR␣ signaling [21] .
Here we introduce a novel in vitro bioassay for evaluation of the potential of several model compounds and extracts of environmental matrices to affect the retinoic acid signaling system. The model is based on embryonic carcinoma P19 cell line [22] . This cell line retains the responsiveness to retinoid signals and pluripotent characteristics so that the cells are able to differentiate into cells of all three germ layers [23] . It is thus possible to differentiate them into neurons [24] , cardiomyocytes [23] , or primitive endoderm [25] . To determine if the tested samples were able to activate retinoid-signaling pathway and/or modulate the effect of ATRA, assessments were conducted with or without concurrent ATRA exposure. Extracts of contaminated river sediments and sediment from a reference locality were tested to determine if they contained compounds capable of affecting the retinoic acid signaling system. The organic extracts were applied as either raw or sulfuric acid-treated extracts to distinguish between the effects of persistent and more acid-labile compounds to the observed effects. The individual model compounds were selected to reflect the nature of contamination of the tested sediments. The model activator of AhR, TCDD, was used as standard because it is the most effective ligand among the PCDDs, PCDFs, and PCBs that were measured in persistent fraction of the sediment extracts. Several representatives of polycyclic aromatic hydrocarbons (PAHs) that were present in the extracts represented the nonpersistent fraction together with phthalate esters that possess the retinoid-like structure and might be therefore modulating the activity of RAR.
MATERIALS AND METHODS

Preparation of the sediment samples
Sediments were collected in 2000 from regions of the Kymi River in southeastern Finland, which is known to be polluted by organochlorinated compounds and mercury from production of chloralkali and wood preservatives and from pulp bleaching [26] . Sediment cores were collected from soft sediment sites with different degree of pollution. A reference sediment sample was collected from Steinbach Creek near Talheim south of Tübingen, Baden-Wüttenberg, Germany, an area that is known to be relatively free of significant concentrations of pollutants.
Sediment samples were freeze-dried and extracted with dichloromethane in a Büchi System B-811 automatic extractor. Extracts were used to determine residues of PCBs, PAHs, and other organic chlorinated pollutants (OCPs) or in the in vitro cell culture assays. Polychlorinated dioxins and furans were extracted with toluene in a Soxhlet apparatus. The volume of the dichloromethane extracts was reduced after extraction under a gentle nitrogen stream at ambient temperature. Half the extract for bioassays was evaporated under nitrogen until dryness and dissolved in 100 l of dimethyl sulfoxide (DMSO), and the second half of the extract was vigorously mixed with 3 ml of concentrated sulfuric acid for 30 min to degrade the less persistent AhR ligands such as PAHs. The layers were separated by centrifugation at 1,000 g for 10 min, after which the top dichloromethane layer was transferred into a clean tube and the mixing repeated after adding 4 ml of dichloromethane to the tube containing the sulfuric acid layer. Finally, the top dichloromethane layer was combined with the first fraction, and the samples were concentrated under nitrogen until dryness and dissolved in 100 l DMSO.
Chemical analyses
Concentrations of PCBs, PAHs, and OCPs were determined at RECETOX, Masaryk University Brno, Czech Republic and the polychlorinated dioxins and furans (PCDD/Fs) analyses were conducted in the Laboratory of Chemistry of the Department of Environmental Health in the Finnish National Public Health Institute. Polychlorinated dioxins and furans were determined in the purified extract with a high-resolution mass spectrometry equipped with a fused silica capillary column DB-DIOXIN (Krackeler Scientific, Albany, NY, USA) and a VG 70 SE mass spectrometer (resolution 10,000). Sixteen 13 Clabeled PCDD/F congeners were used as internal standards. A more thorough description of the PCDD/F method is given by Isosaari et al. [27] . Sample 1 was not analyzed for PCDD/Fs because there was no dioxin-like activity in the sulfuric acid-treated extract according to H4IIE-luc assay.
For PCBs, PAHs, and OCPs analysis, the laboratory blank and the reference material were analyzed with the set of sediment samples, and surrogate recovery standards were used for quality assurance and quality control samples prior to extraction. Volume was reduced after extraction under a gentle Proretinoic activity of sediment extracts and pollutants Environ. Toxicol. Chem. 26, 2007 1593 nitrogen stream at ambient temperature and fractionation achieved on silica gel column; sulfuric acid-modified silica gel column was used for PCB/OCP samples. Sulfur was removed by activated copper treatment. Samples were analyzed using gas chromatography with electron capture detector HP 5890 supplied with a Quadrex fused silica column 5% Ph for PCBs and OCPs. Sixteen U.S. Environmental Protection Agency (U.S. EPA) polycyclic aromatic hydrocarbons were determined in all samples using gas chromatography with mass spectrometry (HP 6890, HP 5973) supplied with a J&W Scientific (Folsom, CA, USA) fused silica column DB-5MS. Samples were quantified using Pesticide Mix 13 (Dr. Ehrenstorfer GmbH, Augsburg, Germany) and PAH Mix 27 (Promochem, Teddington, UK) standard mixtures. Terfenyl and PCB 121 were used as internal standards for PAHs and PCBs analyses, respectively.
Chemicals
The reference TCDD was from Ultra Scientific (North Kingstown, RI, USA), and ATRA, phthalates, and polycyclic aromatic hydrocarbons were purchased from Sigma-Aldrich (Prague, Czech Republic). All chemicals were of the highest purity commercially available.
Cell cultures
The murine embryonal carcinoma cell line P19 was purchased from the European Collection of Cell Cultures (Wiltshire, UK). Stable transfectants of P19 cells were prepared by electroporation as described previously [24] . Cells were transfected with the mixture of 10 g luciferase reporter pRARE␤2-TK-luc plasmid (provided by Christopher Glass, University of California, San Diego, La Jolla, CA, USA) and 2 g selection vector pSV2Neo (Clontech, Saint-Germain-en-Laye, France). Transfected cells were then selected in medium containing 400 g/ml of G418 (Sigma Aldrich), cloned, and screened for the response to ATRA by determining the amount of luciferase expression by luminometry. Positive clones that retained the phenotype and in vitro differentiation potential of maternal cells were used for further tests. The resulting clone P19/A15 cells were cultured in tissue culture flasks (Techno Plastic Products AG, Trasadingen, Switzerland), in Dubelco's modified Eagle medium containing 10% fetal calf serum Mycoplex (PAA Laboratories GmbH, Pasching, Austria). For differentiation, the cells were seeded on sterile cell-culture dishes at a density of 5,000 cells/cm 2 in DMEM medium with 125 nM ATRA (Sigma Aldrich). After 48 h of incubation, the medium was replaced by fresh medium without ATRA and cultivated for another 72 h before experimentation.
The H4IIE-luc (rat hepatocarcinoma) cells stably transfected with the luciferase gene under control of the AhR were used for analysis of receptor activation. This bioassay is a well-established model for evaluation of AhR-mediated activities of pure substances as well as environmental samples [28] . The cells were grown under the same conditions as P19/A15 cells.
Experiments
To describe the responsiveness and its possible changes during differentiation, a standard dose-response curve was developed for the standard ligand, ATRA, with both differentiated and nondifferentiated P19/A15 cells. Differentiation was induced by ATRA.
Effects of sediment extracts and model compounds (PAHs, TCDD, phthalates) alone or in combination with ATRA on induction of RAR-dependent luciferase were assessed. Both raw (containing persistent and labile compounds) and sulfuric acid-treated extracts (only persistent fraction) of contaminated sediment were tested. Effects of sediments were also correlated with AhR-mediated effects determined with H4IIE-luc cells. The cells were exposed to individual compounds that represented several classes of pollutants known to be present in the sediment extracts. In the cases where there was no response, such as TCDD and phthalates, the compounds were also tested on the differentiated cells. The level of differentiation in each experiment was evaluated by Western blotting.
Experiments with P19/A15 cells were performed in 96-well microplates. For the assay, either undifferentiated or differentiated P19/A15 cells were seeded at a density of 10,000 or 15,000 cells/well, respectively. After plating, the cells were exposed in triplicates to ATRA (dilution series 1-10,000 nM ATRA) and tested extracts or model compounds for 24 h at 37ЊC. All samples were dissolved in DMSO. The final concentration of the solvent was less than 0.5% v/v in the exposure media, and appropriate solvent controls were tested. The sediment extracts and model compounds were used for the exposure either alone or in combination with 32 nM ATRA (concentration within normal physiological range). Intensity of luciferase luminescence was measured using the Promega Steady Glo Kit (Promega, Madison, WI, USA). The H4IIE-luc cells were seeded on 96-well culture plates at a density 15,000 cells/ well. The TCDD dissolved in DMSO was used as a reference compound (dilution series 0.1-500 pM). The rest of the procedure was the same as in case of P19/A15 cells. Cytotoxicity of tested dilutions of the samples was excluded using neutral red uptake assay [29] .
Western blot analysis
The level of differentiation was confirmed by Western blot analysis of endoderm-specific cytokeratin Endo-A [30] and Oct-4, a marker of pluripotent cells [31] . We also assessed levels of AhR, RXR␣, and RAR␣ with the housekeeping protein lamin B as a control of loading. For Western blot analysis, cultured P19/A15 cells were briefly washed with phosphatebuffered saline and lysed in sodium dodecyl sulfate lysis buffer (50 mM Tris-HCl, pH 7.5, 1% sodium dodecyl sulfate, 10% glycerol). Protein concentrations were determined using the DC Protein assay kit (Bio-Rad, Hercules, CA, USA). Lysates were supplemented with bromphenol blue (0.01%) and ␤-mercaptoethanol (1%), and equal amounts of total protein (10 g) were subjected to sodium dodecyl sulfate polyacrilamide gel electrophoresis in 10% gel. After being electrotransferred onto a nitrocelulose membrane (Sigma-Aldrich), proteins were immunodetected using appropriate primary and secondary antibodies and visualized by enhanced chemiluminescence using ECL-Plus kit (Amersham Pharmacia Biotech, Piscataway, NJ, USA) according to the manufacturer's instructions. The following primary antibodies were employed: rat monoclonal antibody against mouse endoderm-specific cytokeratin Endo-A (TROMA-I; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA, USA) and Oct-4 (SC-9081; Santa Cruz Biotechnology, Heidelberg, Germany), lamin B SC-6217 (Santa Cruz Biotechnology), RXR␣ (SC-553; Santa Cruz Biotechnology), RAR␣ 804-102-C050 (Alexis Biochemicals USA, San Diego, CA, USA), and AhR 804-421-R100 (Alexis Biochemicals USA). Horseradish peroxidase-second- ary antibody conjugates were from Sigma-Aldrich, anti-mouse (A9044), anti-rabbit (A4914), anti-goat (A4174).
Data analysis
To determine the response to treatments relative to the response to vehicle controls, statistical analyses were performed using a one-way analysis of variance (Statistica for Windows, StatSoft, Tulsa, OK, USA) from at least three independent experiments (p Ͻ 0.05). Results from H4IIE-luc cells were expressed as relative potencies with respect to TCDD. Relative potencies were calculated from median effective concentration (EC50) values. Toxic equivalents (TEQs) expressed as nanograms of TCDD per gram of sediment were calculated from EC50 values by use of the equieffective approach described by Villeneuve et al. [28] . Toxic equivalents of TCDD (TEQs) were calculated using the toxicity equivalence factors determined for the CALUX bioassay [32] .
RESULTS
Characterization of the model cell line
The functionality of the P19/A15 model cell line was verified using a dilution series of the reference compound, ATRA, the natural ligand of the RAR. A dose-response dependence was observed to occur between 2 and 10,000 nM. Greater concentrations of ATRA were cytotoxic. The limit of detection was identical to the first point of linear part of the curve, 2 nM ATRA. The EC50 values were in the range of 512 Ϯ 31 nM ATRA and 61 Ϯ 19 nM ATRA in nondifferentiated and differentiated cells, respectively. Since no changes in transcriptional responsiveness were observed as a function of passage number, it was concluded that the transgene was stably integrated into the genome of the cells (J. Pacherník, unpublished data). Changes in expression of several receptors and protein markers were assessed after differentiation. Expression of Oct-4 and Endo-A was closely related to differentiation treatment with ATRA (Table 1) . While nondifferentiated cells contained a great amount of Oct-4 and expressed little Endo-A, after ATRA-treatment this trend was reversed. Levels of RAR␣ were slightly greater in differentiated cells, whereas the protein level of AhR was slightly less after differentiation. Lamin B did not change after differentiation (Table 1) .
Effects of sediments
A gradient of contamination was observed with much lower concentrations of pollutants with dioxin-like activity in the sediment from the reference site. A similar gradient was also observed for the 16 U.S. EPA priority PAHs, seven indicator PCB congeners, and selected pesticides ( Table 2 ). The total concentration of TEQ in the raw extracts and sulfuric acidtreated extracts determined by use of the H4IIE-luc cell line was very great except for samples 7 and 8, which were less contaminated, and the reference sediment extract, which contained almost no TEQ. The results from the assays with persistent fraction analysis corresponded to the data from chemical analysis except for sample 6, which had exhibited a lesser concentration of TEQ determined by the H4IIE-luc assay than the concentration of TEQ calculated from the results of chemical analysis ( Table 2 ). The TEQ of sediments 2, 3, and 8 was caused mostly by the persistent chemicals, while a significant part of the TEQ of samples 4 to 7 was caused by nonpersistent chemicals ( Table 2 ). The same set of samples was used for evaluation of retinoid receptor-mediated effects in the P19/ A15 cells. The experiments were conducted either with the extracts alone, which did not display any effect (data not shown), or in combination of the extracts with 32 nM ATRA. In this case we observed a significant increase of the luciferase activity with all samples of the contaminated sediments and no effect with the reference sediment sample (Fig. 1) . The proretinoid activity of the sediment extract was mediated mainly by the nonpersistent fraction of the samples. The greatest effect was elicited by the raw extract of sample 5, which also exhibited the greatest TEQ as determined by H4IIE-luc cells. The sample caused a threefold increase in the effect of 32 nM ATRA alone, and it was comparable to the effect of 10,000 nM ATRA. Nevertheless, there was also significant induction of the ATRA response with sulfuric acid-treated samples that contained greater concentrations of AhR ligand-mediated luciferase activity (samples 2, 3, 4, and 6). However, this activation did not exceed 75% of 32 nM ATRA. No significant effect was found for sample 1 and persistent fractions of samples 7 and 8, which generally had lesser levels of contamination and especially lesser AhR ligand-mediated luciferase activity as well as calculated TEQ ( Fig. 1 and Table 2 ).
Effects of PAHs
To better understand the effects of compounds in the sediment extracts, the action of model representatives of the predominant compounds present in the sediments was assessed. The greatest portion of the activity in most of the samples was mediated by the nonpersistent fraction ( Fig. 1) containing significant amounts of PAHs. Thus, the activity of selected representative PAHs was assessed. The results demonstrate that some of the PAHs were able to increase the expression of luciferase when exposed together with 32 nM ATRA (Fig. 2) . However, these same PAHs had no effect when exposed alone (data not shown). A concentration range from 185 nM (750 nM in case of fluoranthene) to the greatest noncytotoxic concentration was evaluated. The greatest effect was observed after exposure to 3.1 M dibenz[a,h]anthracene (DBa,hA) and 12.5 M benz[a]anthracene (BaA) with 3-and 2.5-fold increases of ATRA activity, respectively. Both compounds produced effects comparable to the maximal effect of ATRA (Fig.  2) . Benzo[a]pyrene (BaP) caused nearly a twofold increase of ATRA activity at 25 M concentration, while fluoranthene did not have any effect up to the same concentration (Fig. 2) .
Effects of phthalates
The tested phthalate esters did not display any effects in nondifferentiated P19/A15 cells either with or without 32 nM J. Novák et al. ATRA (data not shown), but all of them, except bis-decyl phthalate, inhibited ATRA-induced luciferase expression in differentiated cells at the concentration of 5 M (Table 3 ). All the experiments were repeated five times, and similar inhibitory effects were consistently observed. The strongest effects were elicited by diethylhexyl phthalate, di-isononyl phthalate, and di-isoheptyl phthalate inhibiting ATRA activity by 30 to 40%, though these effects were not statistically significant and did not occur until concentrations close to cytotoxic levels.
Effects of TCDD
To elucidate the effect of the persistent fraction of the samples we tested the activity of TCDD as the most potent activator of AhR. The activity was evaluated with both nondifferentiated and differentiated P19/A15 cells. The TCDD alone was not able to induce any retinoid activity in either nondifferentiated or differentiated P19/A15 cells (data not shown). The only effect was weak inhibition at 5 nM (about 22%) of the effect of ATRA (32 nM) concentration in the differentiated cells. The dose-dependent inhibitory trend was uniform in six independent experiments, but the effect was not statistically significant.
DISCUSSION
The relationship between the exposure to persistent organic pollutants and changes in retinoid homeostasis has been known for a relatively long time [5] . Modulations of retinoid signaling pathway activity and/or levels of retinoids have been described in animals exposed to contaminated waters or sediments. However, the mode of toxic action of organic compounds on retinoid signaling has not been elucidated yet [7, 33] . Here we present a new tool for evaluation of the effects of individual chemicals or mixtures on the retinoid signaling pathway.
The model for assessment of retinoid activity is based on the P19 embryonic carcinoma cell line [22] . The clone P19/ A15 prepared by transfection of the P19 cell line with p-RARE␤2-TK-luc plasmid retains the ability of the maternal cell line to differentiate. The differentiation procedure used in our study (exposure to ATRA in medium containing 10% fetal calf serum) was described to induce differentiation of the cells into primitive endoderm [34] . The differentiation was confirmed by a decrease in expression of Oct-4, which is a transcription factor connected with pluripotency of stem cells [31] , and by increased expression of primitive endoderm-specific cytokeratin Endo-A ( Table 1 ). The differentiation with ATRA slightly increased the expression of RAR␣ and RXR␣, but it led to a small decrease of AhR expression (Table 1) . A similar decrease of AhR level caused by ATRA has been described for the adenocarcinoma cell line Caco-2 [35] . The differentiated P19/A15 cells seemed to be more sensitive than the nondifferentiated ones since they exhibited lower EC 50 for ATRA, and they also responded to the model toxic compounds TCDD and phthalates, which did not have any effect in the undifferentiated cells. However, differentiated cells were also more prone to cytotoxicity, and the results were more variable. Thus, the experiments were performed preferentially with undifferentiated cells. The greater responsiveness of the differentiated cells may be attributed to altered expression of RXR␣, RAR␣, and other components that affect the activity of the retinoid signaling pathway. Moreover, the model compounds could possibly induce CYPs and other drug-metabolizing enzymes in differentiated cells that decreased the level of ATRA. This possibility is supported by the indications from some studies that the pluripotent cells do not express drug-metabolizing enzymes even if they express AhR [36] .
The results with retinoid action of the sediment extracts show that while the extracts from polluted sediments did not have any intrinsic retinoid activity, they seem to be able to potentiate the effect of retinoids. On the other hand, the clean reference sediment did not cause any activity by itself or in coexposure with ATRA (Fig. 1) . The greatest effect was elicited by raw extract 5, which also had the greatest concentration of TEQs as determined by the H4IIE-luc bioassay. This finding suggests that the observed activity could be attributed to the pollutants present in the Kymi River sediments (Table 2) , and the effect seems to be related to the amount of cocontaminants in the sample. Our results document that the activation of the retinoid signaling pathway is mediated mainly by nonpersistent compounds; nevertheless, the persistent fraction significantly contributed to the total effect in samples 3, 4, and 6. While extract 5 is the most potent in both AhR and RAR assays, the activity of its sulfuric acid-treated fraction (i.e., sample containing mostly persistent PCDD/Fs and PCBs) is small for the RAR assay but still significant for the AhR assay. Furthermore, raw extracts 2, 3, and 6 elicit similar activity in RAR assay as extracts 7 and 8 ( Fig. 1) , which contain relatively lesser concentrations of AhR ligands (Table 2 ). These results suggest that the alteration of ATRA signaling does not seem to be directly mediated by crosstalk with AhR.
Polycyclic aromatic hydrocarbons and their derivatives rep- resent a significant part of the nonpersistent fraction in the extracts. Since individual PAHs were able to enhance the effect of natural ligands of retinoid signaling pathway, it is likely that the PAHs and their derivatives could significantly contribute to the effects caused by the sediment extracts. The potency of the PAHs does not seem to be related to the number of rings in the structure of PAHs because high effects were observed in DBa,hA and BaA (five and four rings, respectively), moderate effect was elicited by BaP (five rings), and no effect was produced by fluoranthene (four rings), which is one of the most abundant PAHs in sediments. This could be an important finding because PAHs and their derivatives are virtually ubiquitous pollutants of the environment. They are traditionally linked with carcinogenesis; moreover, they could mediate other effects, such as antiestrogenicity or effects on steroidogenesis [37] , but their effects on retinoid signaling are not known yet.
Phthalates that possess a retinoid-like structure and could be possible ligands able to modulate retinoid signaling are also important nonpersistent environmental contaminants that can be found in waters, sediments, and fish [20] . These compounds were reported to cause several types of toxicity [38] . Our results show that at least some of the tested phthalates are able to inhibit the RAR-mediated response in differentiated P19/ A15 cells (Table 3) . Although the trends of response were uniform in all experiments, the effects were not statistically significant. Similar findings have been reported in previous studies where phthalates were able to inhibit nuclear localization of RAR␣ and thus decrease its transcriptional activity in mouse Sertoli cell line MSC-1 [14] . It also might be possible that the differentiation leads to the increase of peroxisome proliferator-activated receptors that could be activated by the phthalates and that subsequent increase of CYPs activity would metabolize ATRA and decrease its levels. However, our results could be also attributed to sublethal changes in the cells because the effects were observed at concentrations near to cytotoxic levels. Nevertheless, phthalates do not seem to take part in the effects of the contaminated sediments because they showed the opposite effect.
Since the tested sediments were rich in AhR ligands (Table  2) and AhR presence in P19/A15 cells was confirmed by Western blotting (Table 1) , the effect of TCDD on the activation of RAR-mediated response was tested. However, there was no observable effect after either TCDD alone or TCDD/ATRA exposure in undifferentiated cells. This finding agrees with results obtained in malignant human keratinocytes [39] . However, after differentiation of the cells to primitive endoderm, we observed a slight dose-dependent inhibition of luciferase activity by TCDD/ATRA coexposure, but these effects were detectable only at concentrations close to the cytotoxic levels. These results concur with previously reported results where an inhibition of retinoid signaling was observed to be caused by a decrease of ATRA binding to RAR␣ after TCDD treatment in human keratinocytes [19] . Yet it is questionable whether the observed effect was elicited by the specific mechanism described by Lorick et al. [19] or just by nonspecific changes of the cell metabolism induced by sublethal doses of the TCDD since the differentiated cells were more prone to cytotoxicity than the undifferentiated ones. It is also possible that TCDD caused the breakdown of ATRA by induced CYPs, leading to a decrease of observed luciferase activity. The absence of the effect in nondifferentiated cells might be explained by the fact that pluripotent cells do not express drug-metabolizing enzymes even if they possess the AhR receptor [36] .
The results reported here do not fully agree with the work of Widerak et al. [12] , who described a transactivation of RARE-dependent genes through sequestration of silencing mediator of retinoid and thyroid receptors (SMRT) by activated AhR in MCF-7 breast cancer cells. We do not have any information about rate of expression of SMRT in the P19 cell line, and if it is naturally present in a large excess over AhR, SMRT might preclude the TCDD-mediated pseudoactivation of RAR␣. The negative result with TCDD exposure suggests that it is not likely that the effects observed with sediments extracts would be produced just by simple crosstalk with AhR. This finding is confirmed by the significant decrease of the activity of sediment extracts after the sulfuric acid treatment (Fig. 1) .
CONCLUSION
A new reporter gene model designed for fast evaluation of disrupting effects of chemicals on retinoid signaling was established, and its functionality was confirmed on complex samples of river sediment extracts and pure chemicals (TCDD, PAHs, and phthalates). The extracts from contaminated sediments did not have any intrinsic retinoid activity, but they strongly potentiated the RAR-mediated response when exposed together with ATRA. A similar effect was observed after the exposure to several PAH representatives. On the other hand, phthalates (substances with retinoid-like structure) and TCDD (AhR ligand) either did not have any effect or slightly down-regulated the effect of ATRA. Thus, it seems that at least part of the complex sample effects could be mediated by PAHs, with a possible contribution from other nonpersistent contaminants coming from the pulp bleaching industry. The results show that the novel in vitro bioassay is suitable for rapid screening and detection of compounds and mixtures disrupting retinoid endocrine regulation.
